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Miranda Is Required for the Asymmetric
Localization of Prospero during Mitosis
in Drosophila
Chun-Pyn Shen, Lily Y. Jan, and Yuh Nung Jan (Doe et al., 1991; Vaessin et al., 1991; Matsuzaki et al.,
1992). It is required for the cell-fate determination andHoward Hughes Medical Institute
differentiation in the CNS (Doe et al., 1991) and for neu-and Departments of Physiology and Biochemistry
ronal differentiation in the PNS (Vaessin et al., 1991).University of California at San Francisco
Prospero exhibits complex localization patterns duringSan Francisco, California 94143-0724
mitosis. In neuroblasts, Prospero protein is produced
just before mitosis and localized into a crescent associ-
ated with the basal cell membrane during prophase,Summary
metaphase, and anaphase. At the end of telophase,
Prospero is segregated into the daughter that will be-Asymmetric division of Drosophila neuroblasts, sen-
come the ganglion mother cells (GMC). Shortly after thesory organ precursor cells, and cells in the procephalic
cell division, Prospero is released from the membraneneurogenic region involves the segregation of Numb
and translocated into the nucleus of the GMC (Hirata etand Prospero proteins into one of the two daughter
al., 1995; Knoblich et al., 1995; Spana and Doe, 1995).cells. We have isolated a novel gene, miranda, based
The position of Numb and Prospero crescent is tightlyon the ability of its gene product to interact with the
correlated with the orientation of the mitotic spindleProspero asymmetric localization domain. miranda
(Knoblich et al., 1995; Spana and Doe, 1995). Duringexpression coincides spatially and temporally with
mitosis, Numb and Prospero crescent is always associ-asymmetric cell divisions and asymmetric localization
ated with the part of cell membrane that overlies oneof Prospero. Miranda protein is localized asymmetri-
of the two centrosomes. As a result, Numb and Prosperocally, along with Prospero, to the basal cell membrane
proteins are always segregated into only one of the twoduring mitosis. Loss of miranda gene function abol-
daughter cellsafter the cell division. The tight correlationishes asymmetric Prospero localization during mito-
between the localization of Numb and Prospero cres-sis. The asymmetric localization of Miranda protein
cents and the orientation of the mitotic spindle suggestsrequires inscuteable. Our results suggest that miranda
that both processes may interpret the same positionalfunctions downstream of inscuteable and works as
information (Knoblich et al., 1995). Therefore, an orga-an adapter that connects Prospero to the basal cell
nizer for asymmetric cell division was postulated formembrane during asymmetric cell division.
the determination of the orientation of the asymmetric
localization of Prosperoand Numb as well as the orienta-
tion of the mitotic spindle (Knoblich et al., 1995).
Introduction One component of this machinery is inscuteable
(Kraut and Campos-Ortega, 1996; Kraut et al., 1996).
Asymmetric cell division contributes to the generation The inscuteable gene is expressed in neuroblasts, the
of diverse cell types in many organisms (Horvitz and SOP cells, and cells in the procephalic neurogenic re-
Herskowitz, 1992; Stauger and Doonan, 1993; Rhyu and gion (PNR) that are known to localize Numb and Pros-
Knoblich, 1995; Shapiro and Losick, 1997). Asymmetric pero asymmetrically (Kraut and Campos-Ortega, 1996).
cell division may be achieved by segregating intrinsic Mitotic spindles in cells of the PNR are oriented perpen-
determinants that areproduced in the mother cell prefer- dicularly to the embryo surface, whereas those of epi-
entially to one of the two daughter cells. In the Drosoph- dermal cells outside the PNR are oriented parallel to the
ila melanogaster developing nervous system, Numb surface. Neuroblasts also have their mitotic spindles
(Uemura et al., 1989; Rhyu et al., 1994) and Prospero oriented perpendicularly to the surface. In dividing neu-
(Hirata et al., 1995; Knoblich et al., 1995; Spana and Doe, roblasts and cells in the PNR, Numb and Prospero cres-
1995) proteins are candidates for such determinants. cents are formed and associated with the basal cell
Numb is a membrane-associated protein. During divi- membrane in prophase and then are segregated into the
sion of sensory organ precursor (SOP) cells in the devel- basal daughter cell at the end of telophase. Inscuteable
oping peripheral nervous system (PNS), Numb is local- protein is associated with the apical cell membrane
ized asymmetrically to a crescent associated with the (Kraut and Campos-Ortega, 1996; Kraut et al., 1996) at
cell membrane of the mitotic cell and then segregated the opposite pole from the Numb and Prospero cres-
into one of the two daughter cells (Rhyu et al., 1994). In cent. The apical association of Inscuteable is first de-
theabsence of Numb, the daughter that normally inherits tected before the prophase. In prophase and meta-
Numb is transformed into its sister cell (Uemura et al., phase, Inscuteable forms a tight crescent associated
1989). Overexpression of Numb causes the opposite with the apical cell membrane, but the crescent disap-
cell-fate transformation (Rhyu et al., 1994). Numb func- pears in anaphase (Kraut et al., 1996).
tions at least in part by suppressing Notch activity in inscuteable mutants are defective in the formation
the cells that inherit Numb (Frise et al., 1996; Guo et al., and localization of Numb and Prospero crescent and
1996) and serves similar functions in the developing orientation of the mitotic spindle (Kraut et al., 1996). In
central nervous system (CNS) as well (Spana et al., 1995; the PNR of embryos carrying inscuteable null alleles,
Spana and Doe, 1996). Numb and Prospero are diffusely associated with the
Prospero is a homeodomain containing transcription cell membrane without crescent formation. In neuro-
blasts, both proteins again are associated with the cellfactor that regulates gene expression in CNS and PNS
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membrane and occasionally form crescents with ran- an internal deletion of 30 amino acids. There are several
in-frame translation stop codons 59 to the first AUGdom orientation (Kraut et al., 1996). The orientation of
the mitotic spindle in neuroblasts also becomes ran- translation start codon. In vitro transcription and transla-
tion of these two isoforms yielded protein products ofdomized. The mitotic spindles of cells in the PNR are
altered as well; they are no longer perpendicular to the slightly different sizes of z100 kd (data not shown).
The Miranda protein shows no significant homologyembryo surface but are parallel to the surface, as are
those of epidermal cells outside the PNR (Kraut et al., with any known proteins in the computer database. The
central portion of the Miranda protein is predicted to1996).
Given that the Inscuteable crescent is localized to the contain several coiled-coil structures (Figure 1C) (Lupas
et al., 1991), which have been implicated in mediatingopposite side of the Numb and Prospero crescent and
is delocalized before the completion of cell cycle, it protein±protein interactions (Lupas, 1996). There are
four potential destruction boxes in the Miranda proteinseems unlikely that Inscuteable directly localizes Pros-
pero or Numb to the basal cell membrane. This suggests (Figure 1B); therefore, Miranda may be degraded in a
cell-cycle-dependent fashion (King et al., 1996; Yamanothat there may be other components of the machinery
downstream of inscuteable for the asymmetric localiza- et al., 1996).
tion of Numb and Prospero.
In this study, we isolated a novel gene, miranda, which Miranda Can Interact with both Prospero
encodes proteins that can interact with Prospero and and Numb In Vitro
Numb in vitro. It is expressed during asymmetric cell We tested whether Miranda and Prospero can interact
division and Prospero asymmetric localization. Miranda in vitro. A Miranda fragment, from amino acid 300 to
is asymmetrically localized, like Prospero, during mito- 830 of the long form, was translated and labeled with
sis. It is required for all aspects of Prospero localization [35S]methionine in vitro (Figure 1D). GST-Numb and GST-
during asymmetric cell division. The asymmetric local- Prospero localization domain fusion proteins were ex-
ization of Miranda requires inscuteable. Our results pressed in Escherichia coli, purified, and immobilized
strongly suggest that Miranda functions as an adapter with glutathione-Sepharose beads. Miranda fragments
for asymmetric localization of Prospero during asym- were mixed with the beads charged with GST fusion
metric cell division in Drosophila. proteins. Unbound Miranda protein fragments were
washed out. The bound proteins were analyzed in SDS-
PAGE. The Miranda fragment was able to interact withResults
the Prospero fragment-GST fusion and showed no inter-
action with the GST protein alone (Figure 1D). The Mi-miranda Encodes Novel Proteins Rich
randa fragment can also interact with a GST-Numb fu-in Coiled-Coil Structures
sion protein. The same results were obtained by usingIn order to identify proteins that may control the localiza-
in vitro translated short form of Miranda (data nottion of Prospero, we used the yeast two-hybrid system
shown). The regions of Miranda that interact with Numb(Bartel et al., 1993a; Bartel et al., 1993b) to screen for
and Prospero are distinct from each other and areproteins that interact with the asymmetric localization
mapped to the central and C-terminal portions of thedomain of Prospero (Figure 1A). This domain is neces-
Miranda protein, respectively (data not shown).sary and sufficient for Prospero asymmetric localization
in neuroblasts during mitosis (Hirata et al., 1995). We
used a bait construct for a LexA and Prospero fu- miranda Is Expressed in the Cells That Undergo
Asymmetric Cell Divisionssion protein that includes the localization domain and
screened a Drosophila library of cDNAs from 3- to We studied the expression of miranda during em-
bryogenesis by carrying out whole-mount embryo RNA12-hour embryos. From eight million transformants, 96
positive clones were isolated for further tests. Six cDNA in situ hybridization. The miranda transcripts could be
detected in the embryos at stage 3 (Figure 2A), probablyclones showed specific interaction with the Prospero
fragment. Sequence information indicated that five of due to maternal contribution of miranda mRNA. The
transcripts start to accumulate in the procephalic andthem were derived from the same gene that we named
miranda (Miranda is Prospero's daughter and compan- ventral neurogenic regions at stage 8 (Figure 2B). mi-
randa is expressed in delaminating neuroblasts, cells inion in exile in The Tempest).
Northern blot analysis with a miranda probe reveals the posterior midgut primordia (Figure 2C), and SOP
cells in the developing PNS (Figure 2D). After germbandtwo transcripts of 3.4 and 3.5 kb in 0- to15-hour embryos
(data not shown). Several cDNAs of miranda were iso- retraction, the transcripts can not be detected from most
of these regions; they remain only in the brain lobes andlated by screening a Drosophila embryonic library made
by Dr. Nicholas Brown (Brown and Kafatos, 1988). The ventral region of ventral nerve cord where cell divisions
continue to take place (Figure 2E). Thus, miranda ismiranda gene produces at least two different tran-
scripts, probably due to alternative splicing (Figure 1B). transiently expressed in neuroblasts, SOP cells, and
cells in the PNR at the time of asymmetric cell divisionThe long form, which is 2965 nucleotides in length, en-
codes a novel protein with 830 amino acids. The short and Prospero localization.
We used two peptides, corresponding to amino acidform has a 90-nucleotide internal deletion and encodes
a protein with 800 amino acids. The short form has the 96 to 118 and amino acid 781 to 803 of Miranda, to raise
rabbit antibodies for the study of the Miranda proteinsame amino acid sequence as the long form except for
Miranda Localizes Prospero
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Figure 1. Identification and Molecular Characterization of miranda
(A) The Prospero bait for yeast two-hybrid screen. We used a Prospero fragment, from amino acid 820 to 1026, fused to LexA as bait for
yeast two-hybrid screen. The Prospero asymmetric localization domain is marked in gray.
(B) miranda cDNA and protein product. miranda produces at least two different transcripts. The nucleotide coding sequence and the predicted
amino acid sequence of the long-form Miranda protein are shown. The short transcript has an internal 90-nucleotide deletion, from nucleotide
2109 to 2198. The two potential splicing donor sites match the consensus (Mount, 1982), AG (bold) at nucleotide 2107-8 and 2197-8. The
predicted protein product of the short transcript has a corresponding internal deletion of 30 amino acids, from 595 to 624 (marked by square
brackets). Just preceding the proposed first methionine is the sequence GAAA, which is in agreement with the Drosophila translation start
consensus (C/A)AA(C/A) (Cavener, 1987). The four potential destruction boxes are underlined.
(C) Prediction of coiled-coil structures in the Miranda protein based on the Coils program (Lupas et al., 1991). The regions with scores higher
than 0.5 are likely to adopt coiled-coil structure. A similar prediction is made from the Paircoil program (data not shown) (Berger et al., 1995).
(D) Miranda interacts with Prospero localization domain and Numb in vitro. A Miranda fragment, from amino acid 300 to 830, was made by
in vitro translation and labeled with [35S]methionine. The predicted coiled-coil regions are marked with black boxes. GST-Prospero fragment,
GST-Numb, and GST were synthesized in E. coli and immobilized with glutathione-Sepharose beads. The Prospero asymmetric localization
domain, from amino acid 825 to 943, is marked by a gray box. PTB represents the phosphotyrosine-binding domain of Numb. Miranda
fragments interact specifically with Prospero- and Numb-GST fusion proteins and show no interaction with the GST protein alone. Equal
amount of GST or GST fusion proteins, judged by Coomassie blue staining, were used for the binding studies (data not shown).
expression during embryogenesis. Both antibodies re- Miranda Is Asymmetrically Localized to the Basal
Cell Membranevealed the same expression pattern of Miranda in wild-
type embryos (data not shown), which is consistent with Since Miranda interacts with Prospero and Numb and
is expressed in cells that exhibit asymmetric localizationthe expression pattern of miranda mRNA.
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Figure 2. miranda Expression Coincides Spa-
tially and Temporally with Asymmetric Cell
Divisions and Asymmetric Localization of
Prospero
In situ RNA hybridization of wild-type em-
bryos was done with a miranda DNA probe.
(A) miranda mRNA is present throughout
stage 3 embryos. (B) At stage 8, it accumu-
lates in the procephalic and ventral neuro-
genic regions. (C) At stage 10, it is expressed
in delaminating neuroblasts and the cells in
the posterior midgut primordia (arrowhead).
(D) At stage 12, it is expressed in dividing
SOP cells in the developing PNS. (E) After
germband retraction, at stage 13, the expres-
sion of miranda is restricted to subsets of
cells in the brain lobes and the ventral nerve
cord.
of Prospero and Numb, we considered whether Miranda 3F). Therefore, the distribution of Miranda may be con-
trolled by rapid delocalization or degradation in a cell-itself is asymmetrically localized during mitosis. We
therefore did immunostaining of wild-type embryos with cycle dependent manner. The localization of Miranda
protein during every stage of mitosis is highly invariant.the rabbit anti-Miranda antibody to study the subcellular
localization of Miranda. The immunostaining revealed
that Miranda is asymmetrically localized to the basal miranda Is Required for Asymmetric Prospero
Localization during Mitosiscell membrane of neuroblasts during mitosis (Figure 3).
In neuroblastsand cells in the PNR, Miranda and Pros- Hybridization of miranda DNA fragments to salivary
gland polytene chromosomes mapped the mirandapero can first be detected in the cytoplasm in early
prophase; then they become membrane associated and gene to the region 92C on the right arm of the third
chromosome (data not shown). We tested the small defi-form crescents localized to the basal cell membrane.
The proteins stay associated with the basal cell mem- ciency, Df(3R)oraI9, in which the 92B2-3 to 92C2-3 chro-
mosome region is deleted, for loss of the miranda gene.brane in metaphase (Figures 3A and 3B) and anaphase,
and then are segregated into the basal daughter cell at Using miranda-specific primers, we failed to amplify mi-
randa DNA products from a quarter of embryos (16/60)the end of telophase (Figures 3C and 3D). Immediately
after the completion of cell division, Prospero is released from Df(3R)oraI9 parents (data not shown). Approxi-
mately a quarter of embryos from the same heterozy-from the membrane and translocated into the nucleus,
while Miranda becomes undetectable (Figures 3E and gous parents also failed to express miranda transcripts
Figure 3. Miranda, along with Prospero, Is
Asymmetrically Localized during Mitosis
Wild-type embryos were stained with anti-
Miranda antibody (red), anti-Prospero anti-
body (green), and propidium iodide for DNA
(blue). Figures of the upper panel and those
of the corresponding lower panel are from
identical samples. Figures in the upper panel
show the DNA and Miranda staining signals,
whereas those in the lower panel show the
DNA and Prospero staining signals. Miranda
and Prospero are colocalized during mitosis.
They form crescents that are associated with
the basal cell membrane (A and B). At the end
of telophase, they are segregated into the
GMC, the basal daughter (C and D). Shortly
after cell division in the GMC, Prospero is
released from the membrane and translo-
cated into the nucleus (F), whereas Miranda
becomes undetectable (E). The neuroblasts
are oriented with the apical side facing up.
The same orientation applies to all figures
in this paper. Arrow: nucleus of neuroblast.
Arrowhead: nucleus of GMC.
Miranda Localizes Prospero
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Figure 4. The Asymmetric Localization of Prospero Is Disrupted in Neuroblasts and Cells in the PNR of Embryos Homozygous for Df(3R)oraI9
Embryos from Df(3R)oraI9/TM3, Sb, Ubx-LacZ parents were stained with anti-Prospero antibody (green), anti-b-Gal antibody (not shown), and
propidium iodide for DNA (red). Figures of the upper panel and those of the corresponding lower panel are from identical samples. Figures
in the upper panel show the DNA staining, whereas those in the lower panel show Prospero staining. The homozygous Df(3R)oraI9 embryos
were identified by the absence of b-Gal expression, as indicated by staining with anti-b-Gal antibodies (not shown). (A)±(F) show neuroblasts,
and (G)±(J) show cells from the PNR. In embryos homozygous for Df(3R)oraI9, Prospero stays in the cytoplasm in prophase (A and B), metaphase
(C and D), and anaphase (G and H). After cell division, Prospero is translocated into the nucleus of both daughter cells (E, F, I, and J). The
orientation of the mitotic spindle in neuroblasts and cells in the PNR is still perpendicular to the embryo surface, as in wild type. Arrow:
nucleus of neuroblast. Arrowhead: nucleus of GMC.
and proteins as assessed by RNA in situ hybridization the defect in Prospero localization is due to the loss of
miranda function by expressing exogenous miranda inwith a miranda probe or immunostaining with anti-
Miranda antibody (data not shown). Therefore, we con- the homozygous deficiency embryos and looking for the
rescue of the Prospero localization defects.clude that miranda is deleted by the Df(3R)oraI9 defi-
ciency. The GAL4/UAS system (Brand and Perrimon, 1993)
was used to express Miranda in the expression patternTo determine whether miranda may be required for
Prosperoasymmetric localization, we examined thecell- of the pair-rule gene hairy. The UAS-miranda transgenic
construct was made by placing the miranda cDNA thatcycle dependence of Prospero localization in neuro-
blasts and cells in the PNR in homozygous Df(3R)oraI9 encodes the 800-amino-acid short form of Miranda pro-
tein under GAL4 control. Several transgenic lines withembryos. In wild-type embryos, Prospero forms a cres-
cent and is localized to the basal membrane of these the transgene inserted in the second chromosome were
generated and used to cross with flies carrying bothcells during prophase, metaphase, and anaphase, and
is then segregated into only one of the two daughter Df(3R)oraI9 and hairy-GAL4 on the third chromosome.
In neuroblasts of embryos homozygous for the defi-cells (Figures 3B, 3D, and 3F) (Knoblich et al., 1995). In
embryos deficient for miranda, Prospero is not associ- ciency but expressing Miranda via hairy-GAL4 and the
UAS-miranda transgene, the asymmetric localization ofated with the membrane, but stays in the cytoplasm in
prophase (Figures 4A and 4B). Prospero remains in the Miranda during mitosis is identical to that of Miranda
in the wild-type embryos (data not shown). For thesecytoplasm in metaphase (Figures 4C and 4D) and ana-
phase and then is segregated into both daughter cells. neuroblasts inside the Miranda expression domain,
Prospero is associated with the membrane and formsShortly after cell division, Prospero is translocated into
the nuclei of both daughter cells (Figures 4E and 4F). a crescent that is correctly localized to the basal cell
membrane in prophase, metaphase (Figure 5A), andThe same defects of Prospero localization are also found
in dividing cells in the PNR (Figures 4G±4J). The defects anaphase. For neuroblasts outside the Miranda expres-
sion domain, on the other hand, Prospero remains inof Prospero localization in homozygous Df(3R)oraI9 em-
bryos are fully penetrant. Although theasymmetric Pros- the cytoplasm during mitosis (Figure 5B). miranda can
therefore rescue the Prospero localization defects inpero localization during mitosis is affected, the orienta-
tion of the mitotic spindle in neuroblasts and cells in the neuroblasts of the Df(3R)oraI9-deficiency embryos. This
indicates that miranda is required for the correct posi-PNR is normal in the homozygous Df(3R)oraI9 embryos
(Figures 4E, 4F, 4I, and 4J). Thus, we conclude that a tioning of Prospero in neuroblasts during mitosis.
Since Miranda can also interact with Numb, we testedgene or genes deleted in the Df(3R)oraI9 are required
for the membrane association, crescent formation, and whether Numb localization was affected in neuroblasts
of Df(3R)oraI9 embryos. In homozygous Df(3R)oraI9 em-asymmetric localization of Prospero during mitosis.
Since multiple genes in addition to miranda may be bryos, the Numb crescent is asymmetrically localized
to the basal cell membrane in neuroblasts (Figure 6B)deleted in the Df(3R)oraI9 deficiency, we tested whether
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Miranda localization in embryos with null alleles of pros-
pero or numb. The localization of Miranda in neuroblasts
of these mutant embryos is indistinguishable from that
of wild-type embryos (Figures 7A and 7B and data not
shown). Therefore, the asymmetric localization of Mi-
randa does not require prospero or zygotic numb.
The inscuteable gene is expressed in cells that are
known to localize Prospero and Numb. It is required for
the asymmetric localization of Prospero and Numb and
for the proper mitotic spindle orientation in neuroblasts
and cells in the PNR. By contrast, Miranda is required
for the correct positioning of Prospero, but not for theFigure 5. Exogenously Expressed miranda in Homozygous
determination of the mitotic spindle orientation. It thusDf(3R)oraI9 Embryos Is Able to Rescue the Prospero Localization
appears that either miranda is in the same pathwayDefects
and downstream from inscuteable or these two genesEmbryos from UAS-miranda/CyO; Df(3R)oraI9/TM3, Sb, Ubx-LacZ,
and Df(3R)oraI9, hairy-GAL4/TM3, Sb, Ubx-LacZ parents were function in parallel pathways to regulate the localization
stained with anti-Prospero antibody (green), anti-Miranda antibody of Prospero. These two possibilities can be distin-
(not shown), anti-b-Gal antibodies (not shown), and propidium io- guished by examining whether the asymmetric localiza-
dide for DNA (red). The genotype of homozygous Df(3R)oraI9 em-
tion of Miranda during mitosis requires Inscuteable. Inbryos was determined by b-Gal, Prospero, and Miranda staining.
embryos homozygous for a null allele of inscuteable,(A) Prospero is associated with the membrane and forms a crescent
that is correctly localized to the basal cell membrane in a metaphase the localization of Miranda and Prospero are tightly cor-
neuroblast that is inside the Miranda expression domain from em- related. They arestill associated with thecell membrane.
bryo homozygous for Df(3R)oraI9. However, either they are not able to form crescents (data
(B) In neuroblasts outside the Miranda expression domain, Prospero not shown) or they form crescents that are randomly
remains in the cytoplasm during mitosis.
localized along the cell membrane (Figures 7C and 7D).
Therefore, we conclude that Miranda crescent formation
and localization requires inscuteable.and cells in the PNR during mitosis (Figure 6D), in con-
trast to the cytoplasmic distributions of Prospero (Fig-
ures 6A and 6C). After cell division, Numb was segre-
Discussiongated into only the basal daughter cell (Figure 6F),
whereas Prospero was translocated into the nuclei of
We identified miranda as a component of the machineryboth daughters (Figure 6E).
for asymmetric cell division in Drosophila. Miranda can
interact with Prospero and Numb in vitro, and is requiredinscuteable Is Required for the Formation and
for the membrane localization and crescent formationCorrect Localization of the Miranda Crescent
of Prospero during mitosis. Along with Prospero, Mi-To test whether the asymmetric localization of the Mi-
randa is asymmetrically localized to the basal cell mem-randa protein during mitosis depends on the function
of genes such as numb and prospero, we examined brane, and the localization requires inscuteable.
Figure 6. Numb Crescent Is Still Present and
Correctly Localized in Neuroblasts and Cells
in the PNR from Embryos Homozygous for
Df(3R)oraI9
Embryos from Df(3R)oraI9/TM3,Sb, Ubx-LacZ
were stained with anti-Prospero antibody
(green), anti-Numb (red), and propidium
iodide for DNA (blue), as well as anti-b-Gal
antibody, which gave no staining of the ho-
mozygous deficiency embryos. Figures of the
upper panel and those of the corresponding
lower panel are from identical samples. Fig-
ures in the upper panel show DNA and Pros-
pero staining, whereas those in the lower
panel show DNA and Numb staining of homo-
zygous Df(3R)oraI9 embryos. The Numb cres-
cent is localized to the basal cell membrane in
metaphase neuroblasts (B) and in anaphase
cells in the PNR (D). After cell division, Numb
is segregated only into the basal daughter
(F). In contrast, Prospero is localized in the
cytoplasm in metaphase (A) and anaphase
(C). After cell division, Prospero is translo-
cated into the nuclei of both daughter
cells (E).
Miranda Localizes Prospero
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Miranda functions as an adapter protein to bring Pros-
pero to the membrane and to localize it to a crescent
associated with the basal cell membrane.
Cell-Cycle-Regulated Degradation Versus
Delocalization of Miranda
Miranda is present during mitosis (Figures 3A and 3C).
Shortly after the cell division, the Miranda staining disap-
pears when Prospero is released from the membrane
(Figures 3E and 3F). It is possible that the disappearance
of Miranda staining is due to rapid delocalization. Since
Miranda does not colocalize with Prospero in the GMC
nucleus, this would imply that Miranda and Prospero
have todissociate from each other after mitosis.Alterna-
tively and perhaps more likely, the disappearance of
Miranda staining could be due toa cell-cycle-dependent
degradation of Miranda. Such degradation would free
Prospero and allow it to enter the nucleus of GMC.
There are four potential destruction boxes in theMiranda
protein. The destruction box is a 9-amino-acid motif
conserved among the N termini of A- and B-type cyclins
(King et al.,1996). The destruction boxes are responsible
Figure 7. miranda Is Downstream from inscuteable to Regulate for the cell-cycle-dependent degradation of A- and
Asymmetric Cell Division B-type cyclins by an ubiquitin-dependent pathway in
(A and B) Prospero and zygotic Numb are not required for Miranda anaphase during mitosis (Yamano et al., 1996). Each of
localization. nb1 and pros17 are null alleles of numb and prospero, the four potential destruction boxes in Miranda has the
respectively. Embryos from parents of nb1/CyO, ftz-LacZ, orpros17/
characteristic arginine and leucine at the first and fourthTM3, Sb, Ubx-LacZ were stained with anti-Miranda antibody (green)
position, respectively, but there are several differencesand propidium iodide (red) for DNA, as well as anti-b-Gal antibody,
at the positions of some of the less conserved residueswhich gave no staining of embryos homozygous for nb1 or pros17.
such as the glycine and aspartic acid/valine in the fifthThe Miranda crescent is localized to the basal cell membrane in
metaphase neuroblasts of homozygous nb1 and pros17 embryos. and sixth position. The A- and B-type cyclins are de-
(C and D) Miranda localization requires inscuteable function. inscp17 graded in anaphase during mitosis, whereas Miranda
is a null allele of inscuteable. Embryos from inscp17/CyO, ftz-LacZ staining disappears later shortly after mitosis. It is con-
parents were stained with anti-Miranda (red), anti-Prospero (green),
ceivable that differences in the timing of degradationand propidium iodide (blue) for DNA, as well as anti-b-Gal antibody,
may be related to differences between the destructionwhich gave no staining of embryos homozygous for inscp17. In a
boxes of A- and B-type cyclins and those of Miranda.metaphase neuroblast of a homozygous embryo, Miranda (C) and
The functional importance of these potential destructionProspero (D) were colocalized in a crescent, which is not localized
to the basal cell membrane. boxes needs to be tested experimentally.
miranda Is Downstream from inscuteablemiranda Functions as an Adapter for Prospero
in the Machinery to RegulateAsymmetric Localization
Asymmetric Cell DivisionProspero is a homeodomain containing transcription
From the analysis of the epistatic relationship of asym-factor. It is required in the GMC cells to repress genes
metric localization of Inscuteable, Miranda, Numb, andnormally expressed in neuroblasts, such as deadpan
Prospero, a rudimentary pathway of asymmetric cell(Vaessin et al., 1991), and to initiate gene expression
division begins to emerge. Of the genes identified socharacteristic of the GMC cell type; for example, the
far, inscuteable is at the top of the hierarchy. It is re-expression of even-skipped (Doe et al., 1991). In wild-
quired for the asymmetric localization of Miranda, Pros-type embryos, Prospero is produced in the neuroblast
pero, and Numb, as well as spindle orientation. Mirandashortly before the prophase and is quickly moved from
is required for Prospero localization, and its asymmetriccytoplasm to the cell membrane. It then forms a crescent
localization does not require prospero or zygotic numbassociated with the basal cell membrane. The Prospero
function. The comparison of inscuteable and mirandacrescent remains associated with the basal cell mem-
loss-of-function phenotypes is informative. In the in-brane in metaphase and anaphase. It is segregated into
scuteable null mutant, both Miranda and Prospero arethe GMC at the end of telophase. Shortly after the cell
still localized to the membrane, either diffusely or as adivision, it is translocated into the nucleus of GMC
misplaced crescent. Importantly, Miranda and Prospero(Knoblich et al., 1995; Hirata et al., 1995; Spana and
are still colocalized in the inscuteable null mutant. ThisDoe, 1995). Miranda is colocalized with Prospero and
observation provides further evidence that Miranda andis required for all these aspects of Prospero localization
Prospero are tightly associated in vivo, and this associa-during mitosis (Figure 3). In embryos homozygous for
tion does not require inscuteable function. In contrast,the deficiency of miranda, the newly synthesized Pros-
in miranda deficiency embryos, Prospero does not be-pero is not translocated to the cell membrane. Instead,
come membrane associated but can still enter the nu-Prospero stays in the cytoplasm during mitosis and is
cleus after mitosis, suggesting that Miranda is responsi-translocated into the nuclei of both daughter cells (Fig-
ure 4). These results strongly support the notion that ble for targeting Prospero to the membrane.
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Figure 8. Two Alternative Models for Numb
and Prospero Localization
(A) Miranda is not required for Numb localiza-
tion. Miranda (Mir) and Prospero (Pros) inter-
act with an unknown membrane anchor asso-
ciated with the cell membrane. Numb can
interact with the same anchor.
(B) Alternatively, Numb localization requires
Miranda, and the maternal contribution of Mi-
randa is sufficient for Numb localization. The
Numb, Miranda/Prospero crescent formation
may require their interactions with compo-
nents of the membrane anchor complexes.
The amino acid sequence of Miranda does not appear anterior and posterior cortex, respectively, in the P0
to include membrane-spanning segments. Most likely, zygote. Par-1 becomes localized later and is excluded
Miranda either interacts with an unknown membrane from the anterior cortex. Formally, there is some similar-
anchor protein directly or joins a multiprotein complex ity between the par genes and the Drosophila genes in
that binds to a membrane anchor. The several predicted the formation of crescents in the opposite poles of a
coiled-coil structures in Miranda may present motifs for cell (anterior versus posterior in C. elegans and apical
such protein±protein interactions. versus basal in Drosophila). However, to date, no homol-
ogy has been detected between the known sequences
Is Numb Also Localized by miranda? of the Par proteins and Inscuteable, Miranda, Numb, or
Although Numb can also interact with Miranda in vitro, Prospero. Future experiments will reveal whether these
the formation and asymmetric localization of Numb are two completely independent mechanisms used for
crescent are not affected in embryos deficient for mi- controlling asymmetric cell divisions.
randa. It is possible that Numb localization does not Among the Drosophila proteins that are asymmetri-
require Miranda, whereas Prospero, which is a nuclear cally localized during cell division, vertebrate homologs
transcription factor, requires Miranda as an adapter for for Numb have been found (Zhong et al., 1996). Mouse
its membrane association. Since Numb and Prospero/ Numb is asymmetrically localized in dividing neural pre-
Miranda are present in the same mislocalized crescents cursors during cortical neurogenesis. Further, when in-
in the inscuteable null mutant, Numb and Prospero/ troduced into fly, mouse Numb is asymmetrically local-
Miranda could still use the same anchor for their mem- ized as is Drosophila Numb, suggesting that at least
brane association (Figure 8A). Alternatively, it is possible part of the asymmetry organizer machinery is conserved
that Numb localization requires Miranda, and the mater- (Zhong et al., 1996).
nal contribution of Miranda is sufficient for Numb asym- The identification of miranda as an important new
metric localization (Figure 8B). These possibilities may component of the machinery for asymmetriccell division
be resolved after null mutants of miranda are isolated, raises a number of interesting questions. How does In-
so as to allow studies of mutants lacking both maternal scuteable control Miranda localization? Is Miranda dedi-
and zygotic miranda function. In any case, it seems likely cated for Prospero localization or is it also required for
that crescents form via protein±protein interactions be- the asymmetric localization of additional, yet unidenti-
tween Miranda, Prospero, and possibly Numb, perhaps fied, factors during asymmetric cell division? These
in membrane anchor complexes. The alignment of the questions may be approached by identifying proteins
crescents of Numb, Prospero, and Miranda with the that interact with Miranda.
orientation of mitotic spindle probably requires the in-
structions from other components of the machinery for
asymmetric cell division including Inscuteable. Experimental Procedures
Yeast Two-Hybrid ScreenAsymmetric Protein Localization and Cell Division
The GAL4-activating domain fusion library used in the yeast two-in Other Multicellular Organisms
hybrid screen was made from cDNA of 3- to 12-hour embryos. TheIn Caenorhabditis elegans, early zygotic asymmetric cell
methodology in the yeast two-hybrid screening is as described bydivisions require the coordination between asymmetric
Bartel et al. (1993b). Briefly, the library cDNA was cotransformed
protein segregation and spindle localization (Strome and with pBHA-Prospero fragment (encoding the LexA-Prospero fusion
Wood, 1982, 1983). During the first cell division of a C. protein) into the strain L40 (Hollenberg et al., 1995), and 8 million
elegans zygote, the P granules segregate into one of colonies were tested for His1. The His1 colonies were filter lifted
for a blue color assay using X-Gal as a substrate for LacZ activity.the two daughter cells. The par genes are involved in
Ninety-six positives were isolated. After a secondary screeningboth the P-granule localization and spindle orientation
against LexA-Lamin (Bartel et al., 1993a) instead of LexA-Prospero,(Kemphues et al., 1988; Kirby et al., 1990; Levitan et al.,
six positive clones were obtained, and five of the positive clones1994; Etemad-Moghadam et al., 1995; Guo and Kemp-
encode Miranda.
hues, 1995). In a current working model (Guo and The pBHA vector was modified from pBTM116 (Bartel et al.,
Kemphues, 1996), par-3 responds to an initial polarity. 1993b) with an HA tag (YPYDVPDYA) inserted at the beginning of
par-2 interacts with par-3, genetically, to reinforce the the multiple cloning sites and was used to clone the Prospero frag-
ment from nucleotide 3544 to 4164.polarity and to mutually restrict Par-3 and Par-2 to the
Miranda Localizes Prospero
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Molecular Biology and discussions; Dr. William L. Pak for the Df(3R)oraI9 stock; and
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ment. C.-P. S. is supported by the Cancer Research Fund of thedard procedures (Brown and Kafatos, 1988). The nucleotide se-
quences of the cDNAs were determined by sequencing the cDNAs Damon Runyon-Walter Winchell Foundation Fellowship DRG-1410.
L. Y. J. and Y. N. J. are investigators at the Howard Hughes Medicalfrom both directions using oligonucleotides as primers.
A1 (nucleotide 1391 to 1413, CAACACCCTGAAGAATGACTTGG) Institute.
and A19 (nucleotide 1788 to 1766, GGATGTAGTAGTCGATGCCGTTG)
that are miranda-specific primers were used as primers for single- Received May 27, 1997; revised July 2, 1997.
embryo PCR. Individual dechorionated 6- to 12-hour embryos were
crushed in 4 ml of homogenization buffer (13 PCR buffer with 1%
ReferencesTween-20), and the lysate was diluted with 16 ml of proteinase buffer
(13 PCR buffer, 50 ng/ml proteinase K). The samples were kept at
Bartel, P.L., Chien, C.-t., Sternglanz, R., and Fields, S. (1993a). Elimi-508C for 60 min and 948C for 10 min. A portion of the sample (5 ml)
nation of false positives that arise in using the two-hybrid system.was then taken for PCR reaction. Wild-type embryos yield a PCR
Biotechniques 14, 920±924.product with 398 nucleotides.
Bartel, P.L., Chien, C.-t., Sternglanz, R., and Fields, S. (1993b). Using
the Two-Hybrid System to Detect Protein±Protein Interactions, D.A.In Vitro Binding Assay
Hartley, ed. (Oxford: Oxford University Press).The Prospero fragment (from nucleotide 3544 to 4164) and full-
Berger, B., Wilson, D.B., Wolf, E., Touchev, T., Milla, M., and Kim,length Numb were cloned into the pGEX-4T1 vector (Pharmacia Co.)
P.S. (1995). Predicting coiled coils by use of pairwise residue corre-for expression in DH5a as GST fusion proteins. The expression of
lations. Proc. Natl. Acad. Sci. USA 92, 8259±8263.fusion proteins was induced for 3 hr with 100 mM IPTG added to
log-phase bacteria. Following sonication of the bacterial culture in Brand, A.H., and Perrimon, N. (1993). Targeted gene expression as
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insoluble pellet. The supernatant was then mixed with glutathione- Development 118, 401±415.
Sepharose-4B beads (Pharmacia) at 48C for 30 min. The beads were Brown, N.H., and Kafatos, F.C. (1988). Functional cDNA libraries
then washed six times in 0.1% NP-40/13 PBS. The washed beads from Drosophila embryos. J. Mol. Biol. 203, 425±437.
were kept at 48C as a 50% suspension until use.
Cavener, D.R. (1987). Comparison of the consensus sequence flank-The DNA fragment containing coding sequences for miranda
ing translation start sites in Drosophila and vertebrates. Nucl. Acidsamino acids 300 to 830 was cloned into the pNAC vector (kindly
Res. 15, 1353±1361.provided by Dr. J. P. O'Connor, U. Penn.), and the 35S-labeled pro-
Doe, C.Q., Chu-LaGraff, Q., Wright, D.M., and Scott, M.P. (1991).teins were expressed using the TNT coupled lysate system (Pro-
The prospero gene specifies cell fates in the Drosophila centralmega Co.). For the in vitro binding assay, 15±20 ml of the 50%
nervous system. Cell 65, 451±465.suspension of beads (with bound GST fusion protein) was incubated
at 48C for 30 min with 10±20 ml lysate containing 35S-labeled Miranda Etemad-Moghadam, B., Guo, S., and Kemphues, K.J. (1995). Asym-
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Drosophila Stocks and Genetics Proc. Natl. Acad. Sci. USA 93, 11925±11932.
The Df(3R)oraI9 stock was kindly provided by Dr. William Pak at Guo, S., and Kemphues, K.J. (1995). par-1, a gene required for
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